The adhesion G protein-coupled receptors (GPCRs) are a distinct family of more than 30 receptors in vertebrate genomes. These receptors have been shown to play pivotal roles in a diverse range of biological functions and are characterized by extremely large N termini featuring various adhesion domains capable of mediating cell-cell and cell-matrix interactions. The adhesion GPCR N termini also contain GPCR proteolytic site motifs that undergo autocatalytic cleavage during receptor processing to create mature GPCRs existing as noncovalently attached complexes between the N terminus and transmembrane regions. There is mounting evidence that adhesion GPCRs can couple to G proteins to activate a variety of different downstream signaling pathways. Furthermore, recent studies have demonstrated that adhesion GPCR N termini can bind to multiple ligands, which may differentially activate receptor signaling and/or mediate cell adhesion. In addition, studies on several distinct adhesion GPCRs have revealed that truncations of the N termini result in constitutively active receptors, suggesting a model of receptor activation in which removal of the N terminus may be a key event in stimulating receptor signaling. Because mutations to certain adhesion GPCRs cause human disease and because many members of this receptor family exhibit highly discrete distribution patterns in different tissues, the adhesion GPCRs represent a class of potentially important drug targets that have not yet been exploited. For this reason, understanding the mechanisms of activation for these receptors and elucidating their downstream signaling pathways can provide insights with the potential to lead to novel therapeutic agents.
Introduction
G protein-coupled receptors (GPCRs) are a superfamily of cell surface receptors that allow cells to sense a variety of extracellular signals, including neurotransmitters, hormones, odorants, tastants, and light. GPCRs share a conserved seven-transmembrane (7TM) structure and communicate through heterotrimeric G proteins and other signaling pathways to transduce extracellular signals into intracellular changes in cellular physiology (Rosenbaum et al., 2009 ). The diversity of ligands that GPCRs are able to detect and the multitude of downstream signaling pathways make GPCRs important drug targets, with approximately 30% of all current therapeutic agents acting directly on GPCRs (Overington et al., 2006) . More than 100 GPCRs are still orphan receptors, meaning that they do not have identified ligands, and the largest family of orphan receptors is the adhesion GPCRs.
Adhesion GPCRs are characterized by extremely long Nterminal regions that contain various modular adhesion domains, such as epidermal growth factor-like repeats, thrombospondin-like repeats, and cadherin-like repeats, among others (Fredriksson et al., 2003; Bjarnadóttir et al., 2007) . Vertebrate genomes encode several dozen members of this family, including 31 members in mice and 33 members in humans (Bjarnadóttir et al., 2004) . Of interest, certain invertebrates exhibit a dramatic expansion of this family, notably sea urchins, which express nearly 100 different adhesion GPCRs (Whittaker et al., 2006) . The adhesion GPCR family can be subdivided into several subfamilies, based on sequence similarity (Table 1) .
Almost all members of the adhesion GPCR family also feature an N-terminal GPCR proteolytic site (GPS) motif. These GPS motifs exhibit structural similarity to the selfcleaving domains of inteins (Paulus, 2000) , and there is evidence that the GPS motifs of adhesion GPCRs do in fact undergo autoproteolysis as part of normal receptor processing (Lin et al., 2010) . Furthermore, it has been shown for several different adhesion GPCRs that the receptors' N-terminal and 7TM regions (sometimes referred to as the receptors' ␣ and ␤ subunits, respectively) remain noncovalently associated for some period of time after autoproteolysis at the GPS motif (Gray et al., 1996; Krasnoperov et al., 1997 Krasnoperov et al., , 2002 Kwakkenbos et al., 2002; Zhang et al., 2004; Lin et al., 2010; Paavola et al., 2011) . Recent structural studies have shown that the GPS motif may in fact be part of a larger domain, and the term "GPCR autoproteolysis-inducing" (GAIN) domain has been suggested to describe this larger conserved region (Araç et al., 2012) . The physiological importance of GPS motif/GAIN domain cleavage is mysterious, but mutations in this domain can cause receptor misfolding and human disease in some cases (Krasnoperov et al., 2002; Piao et al., 2004; Zhang et al., 2004; Jin et al., 2007; Ke et al., 2008; Chiang et al., 2011) .
Genetic studies, including analyses of gene deletions in mice and zebrafish and studies on inherited mutations in humans have provided striking evidence regarding the physiological importance of various adhesion GPCRs. For example, mutations to GPR56 have been shown to cause the inherited human developmental disorder known as bilateral frontal parietal polymicrogyria, which is characterized by a malformed cerebral cortex due to the overmigration of neuronal progenitors (Piao et al., 2004) . Furthermore, knockout of Gpr56 in mice results in similar aberrations in the development of the cerebral cortex, as well as perturbations in the development of other brain regions such as the cerebellum Koirala et al., 2009 ). Mutations to the very large G protein-coupled receptor (VLGR1) lead to Usher's syndrome, a genetic disorder characterized by blindness and deafness (Weston et al., 2004) . Knockout studies on Gpr126 have revealed a pivotal role of this receptor in the myelination of Schwann cells (Monk et al., 2009 (Monk et al., , 2011 , and knockout studies on He6 have demonstrated an essential role of this adhesion GPCR in spermatogenesis and fertility (Davies et The members of the adhesion GPCR family are shown grouped by sequence similarity, according to the scheme proposed by Bjarnadóttir et al. (2007) . In addition, for receptors that have been reported to couple to G proteins, the coupling preference is listed. Question marks indicate cases in which G protein coupling has been suggested on the basis of second messenger production but not definitively proven. Reported ligands for each receptor are also listed. It is important to note that the ligands listed here are not necessarily agonists, because some ligands may mediate adhesive and/or regulatory functions without inducing receptor activation.
Subfamily
Receptor TBD  TBD  7  GPR110  TBD  TBD  7  GPR111  TBD  TBD  7  GPR113  TBD  TBD  7  GPR115  TBD  TBD  7  GPR116  TBD  TBD TBD, to be determined.
Paavola and Hall

T1
al ., 2004) . Given the importance of adhesion GPCRs in so many diverse systems and the potential of these receptors as drug targets, there has been tremendous interest in understanding how these receptors are activated and how they might induce changes in cellular physiology. Until recently, very little was known about this topic. However, there have been significant advances in this area over the past few years, and these recent advances in our understanding of the activation and signaling of adhesion GPCRs are the subject of this minireview.
Adhesion GPCR Signaling through G Proteins
Studies on several different adhesion GPCRs have provided evidence that these receptors are in fact authentic G protein-coupled receptors (Table 1) . For example, overexpression of GPR56 in various cell types can lead to Rho activation through G␣ 12/13 (Iguchi et al., 2008; Paavola et al., 2011) . Moreover, GPR56 has been shown via coimmunoprecipitation to interact with G␣ q/11 (Little et al., 2004) , which is consistent with work on other receptor types demonstrating that receptors coupling to G␣ 12/13 can also typically couple to G␣ q/11 (Takashima et al., 2008) . In a similar vein, overexpression of GPR133 in various cell types has been shown to stimulate G␣ s and promote cAMP generation (Bohnekamp and Schöneberg, 2011; Gupte et al., 2012) . Gpr126 has also been shown exert actions on Schwann cells consistent with a cAMP-and G␣ s -dependent mechanism (Monk et al., 2009) , and GPR114 has been shown to constitutively increase cAMP levels when overexpressed in HEK293 cells (Gupte et al., 2012) . GPR97 has also been shown to be constitutively active upon overexpression in HEK293 cells, but only when coexpressed with a chimeric version of G␣ o (Gupte et al., 2012) .
Other studies on adhesion GPCR signaling have made use of activating antibodies or toxins. There is precedent from work on certain classic GPCRs, including adrenergic, muscarinic, and angiotensin receptors, demonstrating that antibodies or other large proteins associating with the receptors' extracellular regions can sometimes cause conformational changes to stimulate receptor signaling (Lebesgue et al., 1998; Peter et al., 2004; Dragun et al., 2005; Dragun, 2007) . Along these same lines, the aforementioned G␣ 12/13 -mediated signaling by GPR56 has been shown to be robustly promoted by treatment with antibodies directed against the receptor's N terminus (Iguchi et al., 2008) . Moreover, regulation of neutrophil signaling by the adhesion GPCR EMR2 has been shown to be modulated by anti-EMR2-N-terminal antibodies in a manner that probably involves receptor coupling to G proteins (Yona et al., 2008; Huang et al., 2012) . The adhesion GPCR latrophilin-1 has been intensively studied because it is a key target of latrotoxin (LTX), which is derived from the venom of the black widow spider (Krasnoperov et al., 1997; Lelianova et al., 1997) . LTX binds to the latrophilin-1 N terminus, as well as to the related latrophilin-2 N terminus (Ichtchenko et al., 1999) , and has been demonstrated to promote latrophilin-1 coupling to G␣ q and G␣ o (Lelianova et al., 1997; Rahman et al., 1999) . The pathological effects of LTX are complicated by the fact that the toxin can integrate into membranes to form pores, but the specific ability of LTX to bind latrophilin-1 and promote the receptor's G protein coupling has been established using a mutant version of the toxin that does not form pores but still binds to latrophilin-1 (Ichtchenko et al., 1998; Capogna et al., 2003; Volynski et al., 2003) .
Importance of the N Terminus for Adhesion GPCR Signaling
If the binding of antibodies or toxins to the N termini of adhesion GPCRs can stimulate receptor signaling, critical importance of the N termini in controlling receptor activity is suggested. For this reason, several groups have created truncated adhesion GPCR mutants with shortened N termini, the prediction being that such truncations might impair receptor activity by removing N-terminal regions where large adhesive ligands might bind. Surprisingly, however, truncation studies of this type have revealed that removal of the N-terminal regions from adhesion GPCRs actually activates receptor signaling. For example, a truncated version of GPR56 that lacks nearly the entire N-terminal region exhibits greatly enhanced coupling to G␣ 12/13 and activation of downstream Rho relative to the wild-type receptor (Paavola et al., 2011) . Moreover, the truncated GPR56 mutant also exhibits profoundly enhanced ubiquitination and binding to arrestins, which are hallmarks of constitutively active GPCRs (Paavola et al., 2011) . Likewise, it has been shown that naturally occurring splice variants of GPR56, which have shorter N-terminal regions than the more widely expressed longer form of the receptor, exhibit enhanced constitutive activation of an SRE reporter when overexpressed in heterologous cells (Kim et al., 2010) .
Similar results, demonstrating that N-terminal truncations can induce enhanced constitutive activity of adhesion GPCRs, have been found for several other receptors beyond GPR56. For example, the brain-specific angiogenesis inhibitor 2 (BAI2) was shown to activate NFAT signaling upon overexpression in HEK293 cells, possibly via a G proteindependent pathway, whereas overexpression of an N-terminal-truncated mutant resulted in dramatically increased NFAT activation compared with that of the wild-type receptor (Okajima et al., 2010) . Furthermore, transfection of the adhesion GPCR CD97 into COS-7 cells was shown to stimulate Rho and SRE through a G␣ 12/13 -dependent mechanism, and transfection of an N-terminal-truncated mutant version of CD97 resulted in stimulation of signaling to SRE that was 10-fold stronger than that induced by the wild-type receptor (Ward et al., 2011) . Taken together, these data from work on GPR56, BAI2, and CD97 paint a picture of a potentially general mechanism of activation for adhesion GPCRs, in which the N-terminal regions are cleaved by autoproteolysis but remain associated with the receptors' 7TM regions to exert an inhibitory influence on receptor signaling. In this model, engagement of the N terminus by a large protein, whether an antibody, toxin, or endogenous adhesive ligand, can result in either the removal of the N terminus or a gross conformational rearrangement that alleviates the inhibitory constraint of the N terminus on signaling by the 7TM region, thereby allowing for the initiation of G protein-mediated signaling.
Potential Ligands for Adhesion GPCRs
If it is true that adhesion GPCR signaling can be initiated by engagement of the receptors' large N-terminal regions by 
Although all members of the adhesion GPCR family are still considered to be orphan receptors, over the past few years extracellular binding partners have been identified for a number of different members of the family (Table 1) . It should be noted that not every adhesion GPCR binding partner must necessarily be an agonist that activates the receptors' coupling to G proteins; some of the interactions may be purely adhesive in nature, consistent with the general view of adhesion GPCRs as both adhesion molecules and cell surface receptors. For example, chondroitin sulfates have been reported to be ligands for both EMR2 and CD97 (Stacey et al., 2003) . These interactions have been characterized as lowaffinity, calcium-dependent associations that are mediated through the receptors' epidermal growth factor-like repeats, resulting in changes in cell attachment and motility. However, there is no evidence at present that these interactions with chondroitin sulfates can activate signaling by EMR2 or CD97 signaling. Likewise, CD97 was first identified as a counter-receptor on immune cells for CD55, also known as the decay-accelerating factor . This interaction has been extensively studied and shown to have a variety of effects on cell adhesion, cell motility, and carcinoma invasiveness but at present there is no evidence that this interaction can activate G protein-coupled signaling by CD97 (Mustafa et al., 2004; Liu et al., 2005) . Moreover, the N terminus of GPR124 has been shown to facilitate adhesion by binding to both glycosaminoglycans and integrins (Vallon and Essler, 2006) , and Thy-1 (CD90) has recently been shown to interact with CD97 to regulate polymorphonuclear cell adhesion (Wandel et al., 2012) , but no corresponding signaling effects have been reported for these interactions.
As mentioned earlier, the adhesion GPCR latrophilin-1 has been shown to initiate G protein-dependent signaling when bound by latrotoxin, an exogenous toxin that is a component of black widow spider venom (Lelianova et al., 1997; Rahman et al., 1999) . Recent studies have revealed three distinct potential endogenous ligands for latrophilin-1. One of these reported ligands is the single-transmembrane glycoprotein teneurin-2 (also called Oz, tenascin-m, neurestin, and DOC4), which has been shown to bind to the latrophilin-1 N terminus with nanomolar affinity and form heterophilic complexes with latrophilin-1 at points of cell-cell contact (Silva et al., 2011) . Moreover, treatment of cells expressing latrophilin-1 with a soluble fragment of teneurin-2 was found to induce increases in intracellular calcium, probably reflecting activation of G protein-dependent signaling (Silva et al., 2011) . A second reported ligand for latrophilin-1 is the presynaptic transmembrane protein neurexin (Boucard et al., 2012) . Of interest, neurexin, like latrophilin-1, is a cellular target of latrotoxin (Davletov et al., 1995) . Like teneurin-2, neurexin was shown to interact with latrophilin-1 with nanomolar affinity to form heterophilic complexes at cell-cell junctions (Boucard et al., 2012) . However, it remains to be explored whether this interaction can stimulate latrophilin-1 signaling. A third identified family of ligands for latrophilin-1 is the fibronectin leucine-rich repeat transmembrane (FLRT) proteins (O'Sullivan et al., 2012) . Latrophilin-1 and the related latrophilin-3 were shown to interact with FLRT proteins in a heterophilic cell-cell manner with nanomolar affinity, and a transsynaptic complex between FLRT3 and latrophilin-3 was found to regulate synaptic density and dendritic spine number in cultured neurons (O'Sullivan et al., 2012) . It is not yet clear whether FLRT interactions with latrophilin N-terminal regions can activate latrophilin signaling, but this point will probably be clarified by future work in this area.
GPR56 is another adhesion GPCR that has been reported to bind to multiple extracellular ligands. The first identified binding partners of GPR56 were the tetraspanins CD9 and CD81, although the region of GPR56 required for these interactions and the significance for GPR56 signaling have not been fully defined (Little et al., 2004) . A second ligand that has been identified for GPR56 is transglutaminase 2 (TG2), an extracellular matrix protein that enzymatically crosslinks proteins together to help form adhesive complexes (Xu et al., 2006) . TG2 was shown to bind to a specific domain on the GPR56 N terminus, and deletion of this domain was shown to lead to increased GPR56-promoted tumor growth in vivo (Yang et al., 2011) . However, it is not yet clear whether TG2 binding to the GPR56 N terminus can stimulate GPR56-mediated signaling. A third ligand that has been found for GPR56 is collagen III, which binds to the GPR56 N terminus and can stimulate GPR56-mediated signaling to Rho in NIH 3T3 cells (Luo et al., 2011) . Of interest, knockout of the gene for collagen III (Col3a1) has been shown to result in a cobblestone-like malformation of the cerebral cortex due to neuronal overmigration during brain development (Jeong et al., 2012) , which is a phenotype strikingly similar to that observed upon knockout of Gpr56 . The brain-specific angiogenesis inhibitors 1 to 3 (BAI1-3) are a subfamily of adhesion GPCRs that have been shown to associate with both lipids and proteins via the multiple thrombospondin-like repeats on their large N-terminal regions. For example, BAI1 was shown to bind to externalized phosphatidylserine on apoptotic cells to promote apoptotic cell engulfment, in a manner that involves ELMO, a protein that associates with the cytoplasmic regions of BAI1, acting as a guanine nucleotide exchange factor for Rac (Park et al., 2007) . However, it remains to be determined whether BAI1-mediated engulfment of apoptotic cells involves G proteindependent signaling by BAI1 or whether any such signaling is initiated by the binding of the BAI1-N terminus to phosphatidylserine-rich membranes. In separate studies, the BAI3-N terminus has been shown to be a high-affinity binding partner for a family of complement-like secreted proteins called the C1q-like proteins (Bolliger et al., 2011) . Upon addition of C1ql to cultured hippocampal neurons, a significant decrease in synaptic density was observed in a manner that could be blocked by interfering with the ability of C1ql to bind to thrombospondin-like repeats (Bolliger et al., 2011) . The specificity of the C1ql proteins for different members of the BAI family and the importance of these interactions for stimulating BAI-mediated signaling are likely to be topics of significant future research interest.
Several adhesion GPCRs have been shown to undergo homophilic trans-trans interactions, meaning that they can interact with other versions of themselves on neighboring cells. Of interest, these homophilic associations have been shown in several cases to promote adhesion GPCR signaling. For example, the adhesion GPCRs Celsr2 and Celsr3 have been shown to undergo receptor-specific N terminus-N terminus interactions that induce increases in intracellular cal-4 Paavola and Hall cium in a phospholipase-dependent (and probably G proteindependent) manner (Shima et al., 2007) . The homophilic trans-trans interactions of Celsr2 and Celsr3 were demonstrated to be physiologically important in the regulation of neurite outgrowth in cultured neurons (Shima et al., 2007) . Likewise, GPR56 has been shown to be capable of N terminus-N terminus interactions that promote the receptor's signaling through G␣ 12/13 to activate Rho (Paavola et al., 2011) . In addition, the Drosophila adhesion GPCR known as Flamingo has been shown to be capable of homophilic transtrans associations, although it is not yet clear whether these associations promote receptor signaling (Chen and Clandinin, 2008) . It should be pointed out that important roles for N terminus-N terminus interactions in adhesion GPCR activation are not mutually exclusive with crucial roles for other large adhesive ligands, because N terminus-N terminus interactions might be required to create binding sites for certain ligands. Conversely, or perhaps concurrently, association with large adhesive ligands might stabilize N terminus-N terminus interactions in a manner that promotes receptor signaling.
Conclusions and Future Directions
The various advances in the area of adhesion GPCR signaling described here suggest several general conclusions. First, it seems to be generally true that truncation or removal of the N-terminal regions of these receptors leads to activation of receptor signaling. This phenomenon has been demonstrated for GPR56, BAI2, and CD97 (Okajima et al., 2010; Paavola et al., 2011; Ward et al., 2011) and might well be a conserved feature for all members of the adhesion GPCR family. Second, adhesion GPCRs have extremely large extracellular N-terminal regions that are likely to bind to multiple ligands per receptor. Latrophilin-1 is a good example of this phenomenon, with its recently reported N-terminal interactions with teneurin-2, neurexin, and FLRT proteins (Silva et al., 2011; Boucard et al., 2012; O'Sullivan et al., 2012) , and it seems highly probable that other adhesion GPCRs (perhaps all members of the family) will eventually be found to have a number of different binding partners for their massive N-terminal regions. Third, certain binding partners of the N-terminal regions of adhesion GPCRs (antibodies, toxins, and endogenous ligands) can stimulate receptor signaling through G proteins.
Taken together, these observations suggest a model of adhesion GPCR activation in which the receptors' N-terminal regions are cleaved at the GPS motif/GAIN domain but remain associated with the receptors' 7TM regions to exert an inhibitory constraint on receptor signaling (Fig. 1) . Engagement of a receptor's N-terminal region by a ligand can induce conformational changes, leading to either removal of the N terminus from the 7TM region or a rearrangement of the N-terminal and 7TM regions that alleviates the inhibitory constraint imposed by the N terminus, thereby activating receptor signaling. In considering such a model of adhesion GPCR activation, it is easy to conceptualize how some adhesion GPCR ligands might activate the receptor (by inducing separation of the N-terminal and 7TM regions), whereas other ligands might serve an adhesive function yet have no effect on signaling by the receptor's 7TM region if they fail to induce changes in the association between the N-terminal and 7TM regions. In addition, it is even conceivable that certain endogenous ligands might stabilize the N terminus-7TM complex to act as natural antagonists for the signaling activity of certain adhesion GPCRs. This possibility has not yet been explored but might be worth examining for adhesion GPCR ligands that are not found to activate receptor signaling.
By way of comparison with other GPCR subfamilies, it should be pointed out that removal of N-terminal regions does not typically lead to activation of GPCRs. In fact, the only examples of this phenomenon beyond the adhesion GPCRs are the members of the protease-activated receptor family (PAR1-4) (Macfarlane et al., 2001 ) and the thyrotropin receptor (Van Sande et al., 1996; Zhang et al., 2000) . In the case of the well studied PAR family, cleavage by an exogenous protease (such as thrombin) is required for receptor activation, and the PAR N-terminal regions do not seem to remain associated with the receptors' 7TM regions for any period of time after cleavage (Traynelis and Trejo, 2007) . Thus, this mechanism of activation for the PAR family is quite distinct from that proposed here for adhesion GPCR activation, which, as discussed above, seems to involve autoproteolysis followed by sustained association between the cleaved portions of the receptor, until engagement of the N terminus by a ligand results in a conformational rearrangement to the N terminus-7TM complex, allowing for signaling by the 7TM region.
Further complexity in the realm of adhesion GPCR signaling comes from the fact that the N-terminal regions of these receptors can exert physiological effects that may be independent of the 7TM regions. For example, a fragment of the BAI1 N terminus has been shown to suppress tumor growth in vivo, independent of the BAI1 7TM, in a manner that is dependent on association of the released BAI1-N terminus with CD36 and integrins (Koh et al., 2004; Kaur et al., 2009 ). Thus, the N-terminal regions of adhesion GPCRs may serve multiple biological functions, including 1) inhibiting receptor signaling activity for as long as they are in complex with the receptors' 7TM regions, 2) mediating cell adhesion, 3) allowing signaling by the 7TM regions to occur after engagement by particular endogenous ligands, and 4) exerting additional effects as extracellular secreted proteins after their disengagement from the 7TM regions. The study of adhesion GPCR signaling is an emerging area that is highly relevant to drug development. GPCRs are outstanding drug targets in general, and adhesion GPCRs are particularly intriguing targets for therapeutic agents because several members of the adhesion GPCR family are human disease genes. Moreover, almost all members of the adhesion GPCR family exhibit very discrete patterns of distribution (Bjarnadóttir et al., 2007; Schiöth et al., 2010) , which is appealing in terms of the possibilities for develop therapeutic agents with tissue-specific and cell-specific actions. As proof of principle that adhesion GPCRs can be activated by small molecules, recent high-throughput screening studies have identified beclomethasone dipropionate as a small-molecule activator of the adhesion GPCR GPR97 (Gupte et al., 2012) . It seems likely that small-molecule agonists, antagonists, and allosteric modulators of other members of the adhesion GPCR family can be developed in the near future. Thus, understanding the mechanisms of activation, diversity of potential ligands, and multifaceted physiological functions of adhesion GPCRs may offer tremendous future opportunities for pharmacological intervention in a number of different disease states.
